We derive distance, density and metallicity distribution of the stellar Monoceros Overdensity (MO) in the outer Milky Way, based on deep imaging with the Subaru Telescope. We applied CMD fitting techniques in three stripes at galactic longitudes: l ∼ 130
INTRODUCTION
The Monoceros Overdensity (MO) is an extensive stellar structure found in the outer regions of the Milky Way at Galactocentric distances of ∼15 -18 kpc. It was originally discovered in the Sloan Digital Sky Survey (SDSS) by Newberg et al. (2002) and subsequent observations reveal a similar structure in many directions around the Galaxy (Yanny et al. 2003; Ibata et al. 2003; Crane et al. 2003; Conn et al. 2005a,b; Martin et al. 2006a; Conn et al. 2007 Conn et al. , 2008 Casetti-Dinescu et al. 2008; Sollima et al. 2011) . From this, it has been concluded that it forms a coherent structure from Galactic longitudes of l = 60
• -300
• and straddles both sides of the Galactic plane. While the approximate extent of the MO is tentatively mapped, its origins are somewhat obscure.
The MO formation scenarios fall into three broad categories: tidal tails from an accreting dwarf galaxy (Martin et al. 2004a; Peñarrubia et al. 2005) ; misidentification of normal Galactic warp/flare profiles (Momany et al. 2004; Moitinho et al. 2006; Momany et al. 2006; López-Corredoira et al. 2007; Hammersley & López-Corredoira 2011) ; and perturbed disc scenarios whereby a close encounter with a massive satellite induces rings in the outer disc from local material (Kazantzidis et al. 2008; Michel-Dansac et al. 2011; Gómez et al. 2011; Purcell et al. 2011 ).
If we consider each scenario briefly then the first scenario is a Galactic accretion event, where the MO is envisioned to be the tidal tails of a dwarf galaxy merging in-Plane with the disc. Such a scenario is attractive since it links with the Λ-Cold-Dark-Matter cosmology where galaxies form via successive accretion events (White & Rees 1978 ) and the discovery of many stellar streams in the halo of the Milky Way (Newberg et al. 2002; Belokurov et al. 2006; Grillmair 2006b; Grillmair 2009 ). The proposed progenitor for the MO is the putative Canis Major dwarf galaxy, first discussed in Martin et al. (2004a) . If true, the MO could be a relic of formation as discussed in Freeman & Bland-Hawthorn (2002) .
The second scenario is used to explain both the stellar overdensity in Canis Major and the MO in terms of standard properties of a galactic disc, that is, the warp and the flare. The Milky Way disc is observed, with various tracers, to warp up in the first two quadrants and warp down in the second two quadrants. For instance, López-Corredoira et al. (2002) follows this feature with red clump giant stars while Yusifov (2004) uses pulsars as tracers. As the density of the disc drops with increasing galactic radii, it thickens and flares. The Canis Major dwarf galaxy is therefore the disc of the Galaxy dipping below the plane and the MO is the intersection of the flaring disc at high latitudes above the plane.
Finally, the third scenario invokes the interaction between a dark matter satellite and disc to induce the formation of rings at large galactic radii. The repeated passage of these satellites through the disc drives the formation of spiral arms and rings. This has been tested for low inclination satellite encounters (Kazantzidis et al. 2008 ) and more recently for the Sagittarius dwarf galaxy (Michel-Dansac et al. 2011; Gómez et al. 2011; Purcell et al. 2011) , which is on a polar orbit.
All of these scenarios are able, with varying levels of success, to fit the general spatial and kinematic profiles of the MO and previous attempts to find some decisive evidence or prediction has not ruled out any of these possibilities. More and more observations of the MO, both photometric and spectroscopic are becoming available (SEGUE 8 , PanSTARRS 9 , SkyMapper, etc) and so these degeneracies may be broken soon.
In order to shed light into the above dilemma, we secured observations using the Subaru telescope. Our goal is to investigate the spatial density profile of the MO and also to compare our observational results with the different theoretical scenarios presented in the literature. In Section 2 we discuss the data preparation in terms of the observations, reduction and calibration of the dataset. Section 3 outlines the analysis of the color magnitude diagrams using CMD fitting techniques. In Section 4 we compare our findings with the current scenarios of formation for the MO and in Section 5 we present our conclusions.
DATA PREPARATION 2.1. Observations and Reduction
The data were collected using the SUPRIME-CAM Wide Field Imager on the Subaru Telescope in Hawaii. SUPRIME-CAM is a 10 chip camera with a field of view of 34 × 27 and a pixel scale of 0 .20. These observations took place in Service mode and were carried out on the 9 th of November 2007 and the 1 st of January 2008. These observations are summarized in Table 1 . Roughly, 180 frames were taken in two filters, Sloan g and r, and arranged into the 3 stripes across the thick disc of the Galaxy. Each g frame was 124 seconds and each r frame was 76 seconds. Figure 1 shows the survey layout for each stripe with the location of the fields depicted as red polygons overplotted on the local dust extinction contours. Implementing the program in this manner with SUPRIME-CAM, allows for deep observations to be obtained across large areas in a short period of time as required by this study. The final survey locations are the result of observational constraints and data quality issues.
The data were reduced using the Cambridge Astronomical Survey Unit Wide Field Camera Pipeline (Irwin & Lewis 2001) . This pipeline was originally developed for the Isaac Newton Telescope Wide Field Camera and has since been modified to work on most of the Wide Field Imagers available today. The pipeline reduced data has been bias-subtracted, flat fielded using twilight sky flats and then flat fielded again using a dark sky superflat. Following this, the photometry and astrometry have been determined using the same pipeline. The accuracy and completeness of the photometry will be discussed in Section 2.4. The astrometry, based on the 2MASS point source catalogue, is typically accurate to between 0.2 and 0.3 arc seconds.
Correcting the Photometry using SDSS
Having generated the catalogue of sources and classifying them, the photometric calibration was performed by cross-matching sources with the SDSS Data Release 6 (Adelman- McCarthy et al. 2008) . At the time of the survey only a few of the fields overlapped with the SDSS and 8 Sloan Extension for Galactic Understanding and Exploration 9 Panoramic Survey Telescope And Rapid Response System so the calibration was performed on those fields and then applied to the others according to their date of observation. Two offsets were needed as it was noticed that Chip 10 has a much lower efficiency than the rest of the array. Since the 150 stripe also had SDSS corrections available, when correcting the other fields the choice between these two was based on which night those observations were taken on. The final photometric solution has a typical scatter of 3.5% in the g-band and 2.4% in the r-band around the SDSS values.
2.3. Correcting the Photometry using dust extinction maps After the initial correction using SDSS, a correction based on the dust maps of Schlegel, Finkbeiner, & Davis (1998) combined with the adjustment of Bonifacio et al. (2000) was implemented. The final photometry is presented as Hess CMDs in Figure 2 . In general, the dust contamination is less than an E(B − V ) of 0.2, for the majority of the survey. The data here has been extinction corrected and represents all the fields for each stripe combined into one figure.
Magnitude Completeness
For those fields which overlap with each other, the completeness of this sample has been determined in the same manner as used in the 2MASS All-Sky Point Source Catalogue (Skrutskie et al. 2006) . By determining the fraction of stars that are detected in both overlapping images as a function of magnitude with respect to the total number of stars observed, an estimate of the completeness can be made. This photometric completeness curve is then fit by the Logistic function:
where m is the magnitude of the star, m c is the magnitude at 50% completeness and λ characterizes the width of the rollover from 100% to 0% completeness. The average values found in each field are presented in Table 2 and an example completeness profile is shown in Figure 3 .
Survey Field CMDs
The pipeline provides a set of classifications for different objects. We are interested in those classified as stellar and possibly stellar objects. The detailed information on the categories is given in Irwin & Lewis (2001) . In short, each processed frame in the pipeline is analyzed using an object detection algorithm based on Irwin (1985 Irwin ( , 1997 . Generated parameters include information on position, intensity and shape. To discriminate between background galaxies and real objects three flux estimates are made: integration of the flux above the specific age; the detection isophote for each image is expanded using an elliptical aperture to perform a curveof-growth analysis; and a 'poor man's' PSF fit using a radius equal to the FWHM. The stellar objects and possibly stellar objects are then selected from all the fields within a given stripe and plotted in a single CMD. To allow the low density MO feature to be clearly visible, the CMD greyscale is scaled using the square root of the counts shown in each pixel. These exceptional CMDs, reaching more than three magnitudes below the oldest MS turnoffs (g • ∼ 19.5), are the deepest observations of the MO to date. The CMDs show the old MS population along its complete extent from the blue turn-off region to faint red MS stars. The high quality of the photometry and the small errors on the main sequence allow us to secure the distance-metallicity degeneracy in the CMDs. This ensures we can quantitatively measure the stellar content of the MO.
3. DATA ANALYSIS 3.1. CMD Fitting Technique In order to obtain the stellar populations' structure at the location of the Monoceros Overdensity we used the MATCH software package (Dolphin 2002) in its distance-fitting mode. MATCH was originally developed to obtain quantitative star formation histories (SFHs) and age-metallicity relations for systems in which all the stars are assumed to be at the same distance. For this purpose, the distance is fixed and the age and metallicity are independent variables. In this paper, we apply the CMD-fitting techniques to span the local stellar populations within the Milky Way. For this goal, we can no longer consider that all stars are equidistant and, thus, the distance is a free parameter. In order to limit the number of free parameters, we define a set of template Schlegel, Finkbeiner, & Davis (1998) and Bonifacio et al. (2000) . The cloud of sources in the bottom-left of each panel stems from unresolved galaxies. A difference in the image quality between the observations of l = 130 • and the l = 170 • stripe is responsible for the increase in depth of the resulting CMDs (see Table 1 ). Main sequence turn-off (MSTO) stars, which we associated with the MO, are found at go − ro ∼ 0.4, go ∼ 19.5. The strong overdensity of stars at go − ro ∼ 1.5 are the local low mass dwarf stars. Fig. 3 .-Example completeness data and fit for a field in the l = 150 • stripe using the stars in the pointings which overlap. The completeness is determined by whether a star detected in either frame is recovered in the other frame. This is then binned by magnitude and presented as the percentage completeness of recovered divided by detected. Circles for the g-band objects and crosses for the r-band objects.
stellar populations for comparison with the data.
In the same manner as explained in de Jong et al. (2010) we used the SDSS g and r isochrones provided by Girardi et al. (2004) . Given that both the thick disc and stellar halo are known to have old stellar populations, we considered a fixed age range at ∼13 Gyrs (10.1< log[t/yrs]< 10.2), 30% binary fraction, a Salpeter Initial Mass Function (Salpeter 1955) , and three metallicity bins, sufficient to describe the halo and thick disc: et al. (2010) for more details]. Stars with intermediate metallicities are inferred from the relative weight of these three template populations. The thin disc stars are avoided as they have a broader range of ages and metallicities which would make it difficult to disentangle from a combination of only three different metallicity templates. To avoid edge effects, the model templates were created for distance moduli between 7 (∼250 pc) and 22 (∼250 kpc) in steps of 0.2.
The basis of MATCH is the Hess diagram, a binned CMD in which the value of each bin is the square root of the number of stars. Synthetic Hess diagrams are then created for a range of ages and metallicities initially assuming 1 M /yr star formation rate (SFR) which is then scaled and combined to best match the observed diagram. The synthetic diagrams are convolved with the photometric errors and completeness profile of the data to provide a realistic comparison with the data. When comparing the observed CMD with the synthetic CMD, MATCH uses a Poisson Maximum Likelihood statistic to determine the best-fitting single model or linear combination of models.
We used stars in the magnitude range 18.5 < g o < 23.0 and 18.0 < r o < 23.0 and in the color range 0.1 < g o − r o < 1.1 (Figure 4 ). These color cuts ensure that we do not include faint, red stars belonging to the thin disc, while the magnitude cuts secure that we do not include spurious objects such as misclassified galaxies. For each population template, MATCH provides the star formation rate in M /yr for each distance modulus bin. The star formation rates are then converted into stellar mass density. Figure 4 shows an example of an observed CMD and its best-fit model CMD for a single frame in stripe l = 130
• . For each single frame one Hess diagram is created. The observed CMD is shown on the left hand side; the region used in our analysis is depicted with the dot-dashed rectangle. The four panels on the right hand side are: The observed Hess CMD (top left), the model Hess CMD (top right), the residual Hess CMD after subtracting the model from the data (bottom left) and the residual significance, based on the number of stars expected in the model Hess diagram (bottom right). The model CMD reproduces well the main features of the observed CMD, such as the main plume of old MSTO stars, especially since we assumed only a simple model population.
Density and Metallicity gradients
MATCH provides the star formation rate (SFR, in M /yr) corresponding to each population template for each distance modulus bin and this is transformed into a stellar mass density. Figure 5 shows the density profiles for the lower half of the l = 130
• stripe plotted against heliocentric distance. A Sérsic profile is then fit to the underlying stellar population and is shown overplotted on the data. The stellar density shows a clear decrease with distance and includes a conspicuous deviation in the distance range 7 < d (kpc)< 13. This "excess" in the density distribution, present in all our fields, is due to the MO. The steep exponential profile in the inner ∼5 kpc is due to the contribution of the thick disc population. From ∼5 kpc onwards the inner halo component dominates up to ∼20 kpc when the outer halo begins to rule, producing a flattening in the density profile. This corresponds well to the density profiles reported in de Jong et al. (2010) .
The depth of the data allows us to unequivocally delineate the density of stars in the MO. In order to obtain a clear detection of the MO and to find out if there are differences with height above the plane, we gathered all the fields corresponding to each stripe into two halves: upper and lower latitude, i.e., six halves in total, two per stripe. This improves the signal to noise of the MO as individual frames do not contain enough stars to perform the analysis. To quantify the resultant overdensities, we removed the smooth background stellar density distribution and fitted a Sérsic profile to the stellar mass density relation obtained from the CMD analysis. For each density profile, we took all the points within the 3σ values of the Sérsic fit and recalculated the density, thus removing the bulk Milky Way components from the distribution. The best-fit Sérsic parameters can be found in Table 3 .The resultant residual for each of the six fields is shown in Figure 6 . The upper panels represent the residuals of the total mass density in the upper latitude set and the lower panels are the same for the lower latitude set. All of the residuals show a bump at the location of the MO. The number density is relatively constant across the stripes for each latitude range, however the lower latitudes are consistently denser than the higher latitudes. Figure 6 also shows the location of the MO, denoted by D, which was found by fitting a Gaussian profile to the residual density peaks. The line-of-sight depth of the MO represents the full width at half maximum of the best fit Gaussian. The stellar number density of each of the six regions can also be found in Table 3 , as well as the mean latitude, heliocentric distance and line-of-sight depth.
Given the similarities between each of the stripes, we gathered all the stripes together to obtain metallicity profile. The total mass-weighted mean metallicity profile is shown in Figure 7 . Although the smooth underlying Milky Way population has not been subtracted, the MO is still clearly visible. The metallicity distribution is at slightly higher distances than seen in the density profiles and deviates from the smooth background between 9 and 14 kpc heliocentric. It reaches a peak metallicity of [Fe/H]∼ −1.0 which is consistent with the photometallicities of the MO as determined through SDSS photometry by Ivezić et al. (2008) .
DISCUSSION These deep CMDs of the MO at three different galactic longitudes (l =130
• , 150
• , and 170
• ) and covering a range of galactic latitudes (+15
• ≤b≤+25
• ) allow us to accurately constrain the structural properties of the MO in these directions. Figures 2, 5 and 6 show that the MO is easily identifiable at all stages of the analysis: it appears as a strong main sequence type feature in the CMDs; it shows a clear excess above the Sérsic fit to the bulk Milky Way components in the stellar density profiles; occupies a distinct distance range within the sensitivity limits of the method; and has a metallicity that strongly differs from the the background Milky Way population. Figure 8 shows the locations of the MO with respect the Galactic centre and the Sun. A line has been drawn at the Galactic radius of 17.0 kpc for reference. Each detection is shown illustrating its distance uncertainty and the width of the feature. In Sections 4.1, 4.2 and 4.3, we will discuss the various formation scenarios in light of the density profiles uncovered here. In Section 4.4, we will discuss the implications of the metallicity finding and its relevance to the outer disc.
The Monoceros Overdensity as a Tidal Stream
We compare our results with the only two current numerical simulations of Martin et al. (2004a) and Peñarrubia et al. (2005) . Figure 9 shows the comparison between the two models in the Galactic latitude range from 5
• to 25 • , as probed by the survey. The Martin et al. (2004a) model (upper panels of Figure 9 ) shows a slight decrease in Galactic latitude across the survey and describes a distinct stellar stream predominantly below b = 20
• . Peñarrubia et al. (2005) (lower panels of Figure 9 ) has a tidal stream model which is found mostly at higher latitudes. In this manner, we should expect to see a decrease in density at higher latitudes for the Martin et al. (2004a) model and an increase in density for the Peñarrubia et al. (2005) model. In the middle upper and lower panels of Figure 9 , is seen that the observations roughly match both models although the measured change in density (see Table 3 ) is contrary to both models. In terms of the height above the plane (right panels Figure 2 . In this way, we avoid the clump at go > 23.0 and go − ro < 1.0 mainly due to unresolved background galaxies and local dwarf stars located at (go − ro) > 1.5. As seen in Figure 3 we have 95% completeness at go = 23.0 and 90% at ro = 23.0. of Figure 9 ) the overdensity seems to be slightly closer at higher latitudes than at lower latitudes, although with the errors it is consistent with a vertical feature. Both models seem to bracket a possible tidal stream scenario for the MO as determined through this survey. Although the structure of the stream seen in the data is not compatible with either simulation it is difficult to exclude a tidal stream solution since the large number of parameters practically ensure a suitable model is likely to be found.
The Monoceros Overdensity as the Galactic Flare
The MO is a low-latitude stellar structure and, as such, could be related to the generic structure of the disc. Although many investigations have pursued this possibility (Momany et al. 2004; Moitinho et al. 2006 López-Corredoira 2011) the distance to the MO typically precludes a definitive conclusion since the MO stars are faint and removing contaminants is highly problematic. Recently, Hammersley & López-Corredoira (2011) , have attempted to show that the stellar profiles seen in the directions of the MO are compatible with the flaring of the galactic disc. The flare is described such that beyond a certain radius, the disc rapidly thickens and becomes prominent above the plane, replicating the effect of the MO stars. They sample a small range of galactic longitudes, mostly in regions unaffected by the galactic warp, and fit a small range of flare models to the SDSS CMDs. They conclude that the stellar counts can be accounted for with the galactic flare starting at 16 kpc galactocentric and using a scale length of ∼4.5±1.5 kpc.
Although the CMD fitting method presented here differs significantly from the star count approach used in Hammersley & López-Corredoira (2011), we have fitted their flare models to our dataset across a large parameter space of flare scale lengths and flare onset positions to further investigate this scenario. In this regard, we also use the equations below to define the flare as described in their paper. Table 4 lists the constants used in the model. For convenience, we reproduce them here (Equation 2), note that R i is the radius at which the flare starts; A is a scale factor for the density; ρ thin is the density of the thin disc; ρ thick is the density of the thick disc; ρ halo is the density of the halo; h rf is the flare scale length; R is the galactocentric radius and z is the height above the disc. Table 3 for the obtained values from this analysis. The distance to each MO detection is determined through a Gaussian fit to the residuals. The width of the MO is the FWHM of that Gaussian fit. This is shown as 'D' and '∆D' in each sub panel. The error on the distance is related to the error on fitting the Gaussian to the residual density profile.
To test this model against our MO density profile we have varied both the onset point of the flare and its scale length. Figures 10 and 11 , show the resulting chi-square space with 1, 2 and 3σ contours for the global and individual fits to the data, respectively. The flare onset position varies from 1 to 21 kpc and the scale length has been varied from 0 to 10 kpc, both of which were iterated in 100 pc steps. Each model was compared against the data and the chi-square value was determined for each point in the parameter space. Flare models with Fig. 7 .-Mass-weighted mean metallicity from the MATCH fits, averaged over all latitudes and longitudes. At distances less than 10 kpc, the metallicity gradient is steep due to the thick disc halo transition. The MO, around 10 kpc, also appears to be a distinct feature in the mean metallicity compared to the 'underlying' distribution seen again beyond ∼15 kpc. Below 7 kpc, the stellar populations are most likely too complex for our simple approach as seen in the large error bars irregular profile. For a complete discussion on the metallicity of the MO, see Section 4.4.
TABLE 5
Best Flare Model Parameters determined by the minima of chi-square map as seen in Figure 11 with the uncertainties determined by the 1σ contour line. 
Field
a The lower field in the 130 stripe has no error estimate since the minima used here is not the absolute minima found in Figure 11 .
small scale lengths describe sharp features in the density profile while large scale lengths have long slowly varying density profiles. The data has been fitted both to find a global solution for the flare considering all the data and individually to highlight the differences between fields. Figure 11 shows that the MO density profile typically re- quires the flare model to have a very short scale length, with a global solution of 2.1 kpc and an onset radius of 12.6 kpc (see Table 5 for the best fit in each field). In Figure 12 , the global model has been overplotted on each of the MO density profiles for comparison with the non-flare model shown as a solid-blue line. The model of the flare used here is very basic and so does not include a prescription for known Galactic features such as the Warp. This is clearly evident in the fields closer to l = 90
• where the Warp becomes stronger. The mismatch at small heliocentric distances for the lower half of l = 130
• stripe is an example of this.
In general, this basic flare model can be fit to the data within the uncertainties for the majority of the points. While the presence of the warp is clearly responsible for the discrepancies at small heliocentric distances, it is unclear whether the differences between the MO density profile and the generic properties of the flare model should be explained by the noise in the data or an intrinsic irregularity of the outer disc. The flare parameters found here are consistent with that found by Mateu et al. (2011) (onset ∼ 11.5 kpc, scale length ∼1.6 kpc), using RR Lyrae stars to trace the outer thick disc. However, this is a much shorter scale length and onset radius than that found by Hammersley & López-Corredoira (2011) (onset ∼ 16 kpc, scale length ∼4.5±1.5 kpc). This difference potentially arises from the fact that Hammersley & López-Corredoira (2011) push to stars with increasing photometric errors which will inherently smear out their result. Figure 11 shows that a scale length of ∼4.5±1.5 kpc is feasible at the 2−3σ level but a flare onset position of 16 kpc is not likely with our data. Improved number statistics might be necessary to reduce the uncertainties in the MO density profile and thus we could determine whether the deviations from the smooth model can be considered significant or simply the nature of the outer disc itself.
The Monoceros Overdensity as a Perturbed disc
There is the possibility that the MO could be explained through a disrupted disc scenario whereby the disc interacts with a massive dark matter sub-halo. In this scenario, no new stars are added to the disc but rather the existing disc stars are swept or migrated into large spiral or ring-like structures. Models illustrating this scenario can be found in Kazantzidis et al. (2008) ; Younger et al. (2008) ; Purcell et al. (2011); Gómez et al. (2011) . All the authors find that the structures are typically ∼4 Gyrs old and so are relatively long-lived.
Distinguishing between these and a tidal stream is difficult and most likely requires detailed velocities or chemical abundance information. Fortunately, some insights into whether this scenario is feasible can be seen in the stellar density profiles as shown in Purcell et al. (2011) . In their model, the resulting stellar density profile with heliocentric radius has significant substructure. Since the overdensity is not created with new stars but rather a rearrangement of the disc, it follows that creating an overdensity naturally produces a corresponding underdensity. In this manner, both their light and heavy Sagittarius-like dwarf galaxy encounters induce significant underdensities in the disc, adjacent to the ring-like overdensity of around 1.2 dex (see Fig 4b and S7 from Purcell et al. (2011) ). Crucially, there is no evidence for these underdensities in our dataset that could possibly match the dramatic change in the stellar density profile as suggested by their model. Additionally, to place stars at the location of the MO detections ∼5 kpc above the plane, is limited to their simulation with a heavy Sagittarius dwarf galaxy. The light version is unable to have such an impact on the scale heights of the disc stars. Characterizing the disc at the distances of the MO is difficult and so the expected metallicity profile needs to be extrapolated from our understanding at smaller galactocentric radii. To do this, we utilize five studies of the outer disc (Coşkunoǧlu et al. 2012; Lee et al. 2011; Cheng et al. 2012; Ivezić et al. 2008; Yong et al. 2005 ) to understand how the disc evolves at these distances. Using the SEGUE survey, Lee et al. (2011) with the RAVE 10 dwarf stars that while the thin disc decreases in metallicity by −0.043 dex/kpc −1 , the thick disc is essentially flat. Both Lee et al. (2011) and Cheng et al. (2012) also find the thick disc to have no metallicity gradient. Yong et al. (2005) explored the outer disc in the third galactic quadrant using open clusters and also found a flat distribution with [Fe/H]∼-0.6. Bensby et al. (2011) confirm the metallicity gradient in the thin disc as their target stars in the galactocentric distance range of 9 -13 kpc have thin disc abundance patterns with a mean metallicity of [Fe/H]∼ −0.48±0.12, which is significantly more metal-poor than the local thin disc stars. Extrapolating the metallicity gradient of −0.066 dex/kpc −1 from Cheng et al. (2012) to the radii of the MO, we find a predicted thin disc metallicity of [Fe/H]∼ −0.44, which is still more metal rich than all estimates of the MO metallicity.
A final possibility remains that the metallicity derived 10 RAdial Velocity Experiment through isochrone fitting is wrong, simply because we have utilized old metal poor isochrones which would be unsuitable for a thin disc population. If the MO were thin disc stars then a 4 Gyr isochrone would better represent such a population. In this case, the isochrone would be bluer by (g o − r o ) ∼ 0.1 and so could feasibly be consistent with our data. The difficulty with this approach is that a 4 Gyr old main sequence turn-off star is at least 1 magnitude brighter than the corresponding 10 Gyr star. At the turn-off magnitudes seen in the data, g o ∼ 19, this translates into an additional 5 kpc in line-of-sight distance, placing the MO at ∼21.5 kpc Galactocentric. Naively extrapolating the metallicity of the disc to these distances results in [Fe/H]∼ −0.7. The MO though, is now 10 kpc above the Plane and so at each turn it becomes harder to associate thin disc stars with the MO. If the thick disc truly exhibits no change in its metallicity distribution with radius then the MO also remains more metal poor than the thick disc at these large radii. A discrepancy within the first 5 kpc is due to the presence of the warp which is unaccounted for by this model and the l = 130 • lower half-stripe has a minima due to this mismatch. Overall, the global flare model is within the error bars although in several fields it does not trace the peak and is consistently lower than the data at large galactic radii.
Given this understanding of the outer disc, we can interpret the likelihood of the different formation scenarios with the metallicity finding of this study. It is important to note that this method of determining the metallicity relies on the bulk properties of the stars in the CMD and is not a direct measure of distinct components like the Thick disc and Halo. Rather, the profile as seen in Figure 7 shows how the contributions of the Halo stars become more dominant with increasing distance and so the average metallicity of the stellar populations present is increasingly more metal poor with heliocentric distance. The MO is therefore a distinct population which abruptly appears against this smooth transition to a pure Halo population beyond the disc.
Tidal stream scenario: Distinguishing between local disc stars and stream stars from a merger is perhaps clearest in the chemical abundance patterns as shown in the review by Tolstoy et al. (2009) . There are distinct chemical differences between local MW stars and stars from nearby galaxies that reveal their different enrichment histories. Recent studies of the MO using spectroscopically determined abundances (e.g. Chou et al. (2010); Meisner et al. (2012) ), show that the chemical properties of the MO are closer to a Large Magellanic Cloud or Sagittarius Dwarf galaxy type abundance pattern than a pure Milky Way disc population. This offset in metallicity between the MO and outer disc suggests potentially a different origin for these stars. Peñarrubia et al. (2006) suggest the outer disc could have been created through a series of mergers in which case the abundance pattern and the consistently metal-poor nature of the MO member stars are supportive of this scenario. Additionally, Carollo et al. (2010) discuss the similarities between the metal-weak thick disc (MWTD) and the MO suggesting the two may be related. Indeed the MWTD itself is presented in Carollo et al. (2010) as distinct to the canonical thick disc and as such is possibly the result of a merger with the Milky Way disc. Together the evidence builds that the MO is an accretion event although there is no viable progenitor and its passage through the outer disc is still unknown.
Galactic Flare scenario: Although the flare model of Hammersley & López-Corredoira (2011) does not make any predictions about the metallicity of the stars, our un-derstanding of the disc can be used to determine whether the MO metallicity is consistent with a Milky Way population. It is clear from Figure 7 that the stars along our lines of sight have a steadily declining metallicity with distance and the stars bracketing the MO typically have abundances of −1.2 < [Fe/H]< −1.5. Thus the MO appears distinct in the outer disc as more metal-rich than the nearby stars. A comparison between these metallicities and those described in Ivezić et al. (2008) suggest that at these distances we are beginning to probe the inner halo prior to MO and beyond the MO there is a clean halo sample. Clearly, these stars are apart from the main disc population but it is difficult to explain why the MO is so metal poor if it is simply an extension of the underlying disc. The flare is undoubtedly a real phenomenon but to what extent and what influence it has in the outer disc is uncertain.
Perturbed disc scenario: The stars which are perturbed into the MO-like structure seen in Purcell et al. (2011) are sourced from across the entire disc. The member stars are migrated from inside and outside of the final location and so the resultant metallicity should be an average of these contributing locations in the disc. Since the disc, in general, is more metal rich than the MO and there are very few locations within the disc which could supply stars more metal poor than the MO, it is highly unlikely that an aggregate population as proposed by this model, could achieve the metal poor status of current set of MO metallicity estimates. Since our findings too, confirm the metal poor nature of the MO, the perturbed disc scenario with its predicted observable properties, as described by Purcell et al. (2011) is not feasible given the data.
CONCLUSION
We have presented new distance, density and metallicity measurements for the stellar Monoceros Overdensity (MO) in the outer Milky Way, based on SUPRIME-CAM wide field imaging data and a CMD fitting analysis. Our distance measures are the most quantitative estimates to date for the MO.
The MO appears as a wall of stellar material at roughly 10 kpc from the Sun at the galactic longitudes of 130
• and 170
• , and galactic latitudes of +15
• ≤ b≤ +25
• . Detections of the MO have been confirmed between 3 -5 kpc above the plane and consist of a metal-poor population with an average metallicity of [Fe/H]∼ −1.0.
We consider these findings in the light of the three formation scenarios currently in the literature: (i) a tidal stream origin; (ii) the galactic flare; and (iii) the perturbed disc. We find that:
(i) Tidal stream models from the literature bracket the distances and densities we derive for the MO. Furthermore, recent results for the chemistry of stars in the MO support an extragalactic origin. This suggests that a tidal stream model can be found that would fully fit the MO data. On the other hand, the large parameter space available for this model: the orbit, mass, inclination and eccentricity of the merger, amongst others, presents the danger that such a fit -while possible -might not be the true explanation for the MO.
(ii) The flaring of the galactic disc provides another possibility for explaining the presence of these stars at large distances from the plane. We fitted a large range of galactic flare models finding a solution with a mean onset radius of 12.6 kpc and a scale length of 2.1 kpc that is a reasonable match the data. This is similar to the findings of Mateu et al. (2011) but is much smaller than the models suggested by Hammersley & López-Corredoira (2011) . The main difficulties with the flare model are: (a) whether the basic flare model used here while consistent with the data would be applicable across wider latitude and longitude ranges and (b) the metallicity ([Fe/H]) derived in this paper as well as the determinations from other sources (see Section 4.4) are building a consistent picture that the disc is too metal-rich to source the MO stars. If the disc can be shown to be metal-poor at these radii then the flare scenario is indeed a possibility.
(iii) The perturbed disc scenario makes clear testable predictions about the metallicity and stellar density profile of a MO-like feature. Both of these are incompatible with the data: the MO stellar density profile does not contain the significant underdensities predicted by the model while the metallicity of the MO is too metal-poor even for a population of stars sourced from across the disc.
It is clear that the MO still lacks the observational evidence required to unequivocally determine its origins. However, the deep observations we have presented here, coupled with CMD-fitting techniques are able to constrain its properties to much greater precision than has previously been possible. We have ruled out the 'perturbed disc scenario' for the MO, and found key problems that must be solved if the MO is to be explained by a flared disc. Given the distance to the MO and the uncertainty over its origin, it is crucial to minimize the photometric errors so as to limit their impact when deriving its properties. Further studies of the MO should include high precision photometry to better constrain the physical dimensions of the MO coupled with high resolution spectroscopy for a detailed abundance analysis. This combined approach seems best suited to unravelling the origin of the MO feature.
The authors would like to thank Justin Read for many useful discussions on the implications of this work and the referee for helping to refine the conclusions of this work. BCC would like to thank the CAT (http://www.starlink.ac.uk/topcat/) was used extensively in the preparation of this paper. Facilities: SUBARU (SUPRIME-CAM) APPENDIX ONLINE DATA The data presented in this paper is being made available online and all issues related to the data can be addressed to conn@mpia-hd.mpg.de. The data consists of all objects extracted from each reduced frame in the survey, galaxies and stars, although poor data has been excised from the final catalogue. Individual reduced frames will be available upon request. The catalogue mostly follows the layout of the Cambridge Astronomical Survey Unit Wide Field Camera Pipeline (Irwin & Lewis 2001) with the addition of the Galactic coordinates for each object, Right Ascension and Declination are in J2000.0.
The descriptors for each column in the catalogue is shown in Table 6 and an example of the data is shown in Table 7 . The classification scheme is as follows: Stellar are −1, Possible Stellar are −2, non-Stellar/Galaxy are 1, Noise is 0, Possible non-Stellar/Galaxy is −3, Crossmatch problem is −8, Saturated object is −9. The entire catalogue contains 3.4 millions objects and the breakdown per filter in the entire catalogue is ∼643,000 Stellar, ∼550,000 Possible Stellar, ∼747,000 non-Stellar/Galaxy, ∼411,000 Possible non-Stellar/Galaxy in the g-band. The r-band has ∼625,000 Stellar, ∼432,000 Possible Stellar, ∼764,000 non-Stellar/Galaxy, ∼320,000 Possible non-Stellar/Galaxy.
The data here has been extinction corrected following the standard prescription when the extinction is less than E(B − V ) ≤ 0.1, otherwise the relation from Bonifacio et al. (2000) , as shown in Equaton A1, has been used. The dust values have been extracted from the Schlegel, Finkbeiner, & Davis (1998) 
The data has also been corrected for airmass. The airmasses and field centers for each field can be found in Table 8 . Individual objects do not have an identifier which relate them to a particular field however most objects will be easily matched with its corresponding field center. Objects in overlap regions can be associated with a particular field based on the chip in which they reside. In this regard, users should note that duplicate observations of the same object have not been removed from the catalogue. They have been left in to allow the user to gauge the relative depths of each pointing. 
